Antigen-specific T cell activation is initiated by αβ T cell receptor (TCR) engagement of short peptides presented by major histocompatability complex (MHC) proteins. In a structural symmetry that reflects the subdivided regions of the TCR and peptide-MHC (pMHC) surfaces, the TCR generally uses its germline derived CDR1 and 2 loops to contact the polymorphic but genetically encoded MHC helices, while the CDR3 loops, derived through V(D)J recombination, principally recognize the peptide bound in the MHC groove. Although exceptions exist^[@R1]--[@R3]^, a large database of structures reveals a loosely consistent docking topology (+/− \~110^o^) whereby the TCR α chain sits over the N-terminal region of the peptide and α2 or β1 regions of Class I and Class II MHC respectively and the TCR β chain sits over the C-terminal region of the peptide and α1 regions of both MHC classes ^[@R2]^.

The forces that shape TCR-pMHC docking topology and cross-reactivity have been extensively studied, but without clear resolution^[@R2]^. With respect to docking topology, there has been significant debate about structural evidence for TCR bias towards MHC, and in particular, whether structurally similar interactions between germline-derived TCR CDR1 and 2 amino acids and conserved residues on MHC α helices are genetically encoded and evolutionarily conserved signatures of MHC restriction^[@R1],\ [@R2],\ [@R4]--[@R10]^. This debate has been influenced by the observation of structural variances, or adaptability, in TCR-pMHC interactions^[@R2]^. This adaptability can be local (e.g. restricted to individual loops and how they interface with MHC α helices) or global (e.g. resulting from alterations in TCR binding modes)^[@R11]--[@R14]^.

The TCR-MHC interaction mode can be influenced by peptide or MHC changes, CDR3 loop alterations, or utilization of different Vα or Vβ domains^[@R4],\ [@R5],\ [@R11],\ [@R15]--[@R23]^. One difficulty in studying the determinants of TCR-pMHC docking topology is the complexity inherent in the TCR-pMHC interface, comprised of variable, composite surfaces that are functionally segregated but structurally and energetically cooperative^[@R24]^. Further complexity in the interpretation of structural data is added by the fact that thymic selection processes, including co-receptor involvement, may have pre-determined particular features of the interaction^[@R25]^, shaping TCR-pMHC interactions observed in the context of peripheral T cells^[@R26],\ [@R27]^. In some contexts, TCRs can even recognize non-MHC antigens, a finding used to support the view that co-receptors alone can control the focus of TCRs on MHC ligands^[@R28],\ [@R29]^. These observations, however, do not rule out a role for a genetically imposed bias of TCRs towards MHC proteins, but imply that such biases do not impose absolute specificity.

TCR cross-reactivity has also been extensively studied, with highly divergent conclusions. On one hand, TCRs have the capacity to see many different peptide antigens presented by MHC^[@R12],\ [@R30]--[@R32]^. On the other hand, upon close inspection, TCRs may be less cross-reactive than previously appreciated as most cases of cross-reactivity appear to be explained by preservation of several key TCR contact residues in seemingly non-homologous peptides^[@R23],\ [@R30],\ [@R33]^.

Previous work has considered TCR germline bias for MHC, cross-reactivity, and signaling independently. Taking into account structural and energetic interrelationships may prove beneficial for fully understanding TCR-pMHC recognition and signaling. Here, we use the murine 42F3 TCR, which recognizes the class I MHC H-2L^d\ 1^, as a model system to further clarify the interplay between TCR cross-reactivity and germline specificity. We used peptide-MHC libraries displayed on yeast to screen recombinant, multimeric 42F3 TCR in a cell-free environment, free of any constraints on binding, and isolated recognized peptides with limited homology to the cognate antigen.

By characterizing the binding, signaling and structural properties of peptide-TCR-MHC complexes with limited homology, we show that despite diversity in recognized peptide sequences, 42F3 TCR maintains highly similar 'hotspot' contacts with the most prominent up-facing peptide residues, resulting in a high degree of cross-reactivity while retaining specificity for key positions. Further, while the TCR adjusts its binding mode to engage different peptides, rather than seeing a spectrum of disparate binding solutions, the Vβ domain of the TCR ratchets between two "preferred" positions over the MHC α1 helix, while retaining an interaction between the MHC α2 helix and the TCR Vα that is nearly superimposable in 12 structures of a Vα3 TCR with H-2L^d^. Based on these studies, we propose a model that functionally integrates TCR germline recognition and peptide cross-reactivity in which genetically-imprinted biases towards MHC help to "steer" TCR binding solutions but still permit the structural adaptability needed for cross-reactivity.

Results {#S1}
=======

A second generation yeast-displayed H-2L^d^ {#S2}
-------------------------------------------

We previously developed peptide libraries displayed by the murine class I MHC H-2L^d^ on yeast capable of identifying pMHC ligands for the alloreactive H-2L^d^-specific TCR 42F3^[@R1]^. These libraries, based on the "mini-MHC" α1α2 scaffold termed H-2L^d^-m31^[@R34]^, utilized a single-chain configuration where the C-terminus of the mini-MHC was fused to the N-terminus of the 9 amino acid peptide^[@R1]^. Our selections identified mimeotopes to the cognate QL9 antigen (QLSPFPFDL), but all identified agonists shared obvious sequence homologies with QL9 that upon crystallographic study shared very similar TCR docking footprints^[@R1]^. We suspected the scaffold design might have limited our recovery of diverse peptide sequences, indicated by the very weak staining by 42F3 tetramers of H-2L^d^-m31 fused to QL9.

Since we wished to find more divergent peptide sequences to better "stress test" TCR-pMHC recognition in the face of alternative peptide recognition chemistries, we developed a second-generation "mini-MHC" yeast display scaffold linking the C-terminus of the peptide to the MHC ([Fig. 1a](#F1){ref-type="fig"}). The MHC included a Tyr84Ala mutation that opened a path at the C-terminal end of the groove to accommodate a linker, as was originally shown for pMHC single-chain trimers^[@R35]^ ([Supplementary Fig. 1a](#SD2){ref-type="supplementary-material"}). However, in this orientation, the peptide C-terminus was far from the MHC N-terminus and would require a long connecting linker. Therefore, we circularly permuted (CP) the MHC to relocate the MHC N- and C-termini closer to the peptide C-terminus ([Supplementary Fig. 1](#SD2){ref-type="supplementary-material"}).

To circularly permute the MHC, we interrupted the sequence at a loop close to the peptide C-terminus, so that H-2L^d^ residue 120 became the new C-terminus, and Cys121 became the new N-terminus, while at the same time fusing the former C-terminal residue 180 to the former N-terminal residue 1 with a short GS linker ([Supplementary Fig. 1](#SD2){ref-type="supplementary-material"}). To avoid spontaneous intermolecular disulphide formation, the new N-terminus was substituted with mutation Cys121Ser. The peptide was then appended to the new N-terminus to complete the circular permutation. While yeast expressing QL9-m31r-CP stained positive for a cMyc epitope tag, they were not recognized by either 2C- or 42F3-TCR tetramers, suggesting QL9-m31r-CP was displayed on the yeast surface but incorrectly folded ([Supplementary Fig. 1b](#SD2){ref-type="supplementary-material"}). To rescue the native fold, we evolved the m31r-CP design by creating a \~10^8^ pool of variants produced by error prone PCR and selecting for gain-of-function mutations that recovered TCR recognition ([Supplementary Fig. 1b](#SD2){ref-type="supplementary-material"}). We found a subset of CP scaffold clones that contained only interface- and peptide-distal mutations and recognized both 2C- and 42F3-TCR tetamers. The clone with the brightest TCR-tetramer stains was m31r-CP-E3 ([Supplementary Fig. 1c](#SD2){ref-type="supplementary-material"}). The two selected mutations (Asp122Tyr and Ala136Thr) in this scaffold variant occurred in the proximity of the linker-MHC junction, perhaps accommodating the artificial linker or stabilizing the new MHC fold-initiating sequence ([Supplementary Fig. 1c](#SD2){ref-type="supplementary-material"}). We proceeded to construct new libraries to select for peptide presented by the circularly permuted MHC scaffold.

Peptide specificity of H-2L^d^ specific TCRs {#S3}
--------------------------------------------

We created a 'random' peptide library tethered to m31r-CP-E3 ([Fig. 1a](#F1){ref-type="fig"}, [Supplementary Fig. 1a--d](#SD2){ref-type="supplementary-material"}). The diversity of this 'random' 9mer library was limited at the P2 (Pro) and the P9 (Phe, Ile, Leu, Met) anchor positions to reflect the natural preference for H-2L^d^-presented peptides^[@R36]^ ([Fig. 1b](#F1){ref-type="fig"}). For selections, we used streptavidin (SA)-coated magnetic beads^[@R30]^ saturated with biotinylated 42F3 TCR to enrich yeast clones from a library of 4.2x10^8^ peptide variants ([Fig. 1b--c](#F1){ref-type="fig"}, [Supplementary Fig. 1e](#SD2){ref-type="supplementary-material"}). We recovered a range of peptides unique in sequence from each other and the native QL9 agonist ([Fig. 1c--d](#F1){ref-type="fig"}, [Supplementary Fig. 1f](#SD2){ref-type="supplementary-material"}). We sequenced several hundred clones from the final selected pool and observed a high degree of sequence diversity in all positions except P6 and P7. P7 was uniformly a large hydrophobic residue, as seen in QL9 ([Fig. 1c--d](#F1){ref-type="fig"}). P6 exhibited a strong bias towards Pro and Gly, as seen in QL9, but allowed substitutions to Trp and Glu ([Fig. 1c--d](#F1){ref-type="fig"}). The P5-P6-P7 sequence stretch in QL9 forms an arch that peaks at P7 and most intimately contacts CDR3β through apolar and van der Waals interactions^[@R1]^. Collectively, there appears to be selective pressure to preserve this interaction mode while allowing diverse chemistries at other positions ([Fig. 1c--d](#F1){ref-type="fig"}). We sub-classified the sequences into related families and synthesized ten peptides for characterization, including five for structural characterization, whose sequences were suitably divergent from one another, from the cognate antigen QL9, and from the peptides derived from the previously published library^[@R1]^.

Signaling properties of library-selected peptides {#S4}
-------------------------------------------------

We screened both CD8^−^ and CD8^+^ 42F3 T cells for IL-2 production when stimulated with APCs presenting a subset of divergent peptides that arose from our second-generation selections, and compared them to the QL9 mimeotopes that arose from our first-generation libraries ([Fig. 2a](#F2){ref-type="fig"}). Unlike the lone non-agonist peptide selected (p3A1-SPLDSLWWI) from the first-generation library, the majority of peptides selected from our second-generation library elicited substantial IL-2 responses in 42F3 transduced 58−/− cells at a 10μM dose on APCs ([Fig. 2a](#F2){ref-type="fig"}). The synthetic peptide antigens presented a range of CD8 dependencies based on our initial screen as several second-generation peptides failed to stimulate or weakly stimulated in the absence of CD8 at this high peptide dose ([Fig. 2a](#F2){ref-type="fig"}).

We titrated the IL-2 responses in CD8^+^ 42F3 T cells for various agonist peptides with diverse sequences. Within this set, we observed IL-2 responses across a several log range of EC~50~ values ([Fig. 2b](#F2){ref-type="fig"}, [Supplementary Fig. 2](#SD2){ref-type="supplementary-material"}, [Table 1](#T1){ref-type="table"}). Additionally, we assessed the affinity and kinetics of 42F3 TCR binding to each titrated peptide using surface plasmon resonance ([Fig. 2b](#F2){ref-type="fig"}, [Supplementary Fig. 3a--c](#SD2){ref-type="supplementary-material"}, [Table 1](#T1){ref-type="table"}). As expected, we found that the highest affinity 42F3 TCR-pMHC complexes from our second-generation libraries were potent stimulators of IL-2 responses, but we also observed high-affinity ligands that produced partial IL-2 responses (pCPC5, pCPA12) as well as a moderate affinity ligand (p4B10) which potently stimulated IL-2 responses in CD8^+^ 42F3 T cells ([Fig. 2b](#F2){ref-type="fig"}).

The 42F3 agonists could be sub-divided into two categories. Potent agonists were classified as those peptides that elicited equally strong IL-2 responses in the presence and absence of CD8 co-receptor in our screen, and CD8-dependent agonists as those that required CD8 to maximally stimulate IL-2 production ([Fig. 2a](#F2){ref-type="fig"}). While the potent agonists all produced high maximal IL-2 responses, the CD8-dependent agonists had a range of maximal responses including high (p5E8), medium (pCPA12) and low (QL9, pCPC5) on transduced CD8^+^ 42F3 cells ([Fig. 2b](#F2){ref-type="fig"}). One caveat to the stimulation data is that we do not know the relative loading efficiencies and binding affinities of the peptides to H-2L^d^ on the cell surface, and these differences could play a role in the relative differences in stimulation potencies. However, all of the peptides have preserved optimal MHC binding anchors at P2 and P9, and are presented well in the single-chain format on yeast, so we suspect they are loaded on MHC. Collectively, the ability of the studied peptides to load in naturally-occurring H-2L^d^, allow binding in affinity ranges expected for TCR-pMHC interactions, and induce signaling validates the use of the m31r-CP-E3 'mini' H2-L^d^ as a system for discovering peptides of interest.

Peptide degeneracy of the 42F3 TCR {#S5}
----------------------------------

We crystallized five 42F3 TCR complexes bound to a mini-H-2L^d^ scaffold (m31r) presenting the newly identified peptides ([Fig. 3b](#F3){ref-type="fig"}, [Supplementary Fig. 4a--b](#SD2){ref-type="supplementary-material"}, [Supplementary Table 1](#SD1){ref-type="supplementary-material"}) and compared them to the 'wild-type' QL9 ([Fig. 3a](#F3){ref-type="fig"}) and four previously characterized pMHC-42F3 complexes^[@R1]^ ([Fig. 3c](#F3){ref-type="fig"}, [Supplementary Fig. 4c--d](#SD2){ref-type="supplementary-material"}). The refolded m31r variant lacked the engineered linkers, circular permutation and synthetically evolved 'stabilizing' mutations, allowing us to study structures more representative of 'naturally' presented peptide, as when we tested for activity ([Fig. 2](#F2){ref-type="fig"}). Importantly, every selected peptide assayed was recognized by 42F3 TCR in both presentation formats (i.e. covalently linked in the selection scaffold, and as free peptide refolded with MHC) ([Figs. 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}). For each solved structure, the peptide backbone and side chain electron density were well defined ([Supplementary Fig. 4](#SD2){ref-type="supplementary-material"}).

To visualize the adaptive molecular determinants of peptide cross-reactivity by the 42F3 TCR CDR3s, we comprehensively compared the CDR3-peptide contacts of both the first- and second-generation complexes ([Fig. 3b--c](#F3){ref-type="fig"}). Each peptide was recognized by a unique pattern of pair-wise contacts with the TCR CDR3 loops ([Fig. 3b--c](#F3){ref-type="fig"}). Generally, the CDR3β loop contributed more to peptide recognition than the CDR3α, likely due to the arch in the peptide at residues lying underneath the CDR3β ([Fig. 3b--c](#F3){ref-type="fig"})^[@R1]^. In contrast, the CDR3α contacts were in general fewer and more diverse in each complex, consistent with the lack of sequence specificity at the P1-P4 peptide positions ([Fig. 1d](#F1){ref-type="fig"}, [3b--c](#F3){ref-type="fig"}). Overall, it appears that the arch in the C-terminal region of the peptide enforces close contact with 42F3 CDR3β, while the 'lower-lying' N-terminal peptide residues are more distant from CDR3α and permit more sequence diversity in this region. In two complexes (QL9, pCPB7), the CDR3α did not make contact with the peptide ([Fig. 3b--c](#F3){ref-type="fig"})^[@R1]^. Peptide conformation played a critical role in establishing contacts as the peptide backbone, rather than its side chains, were typically recognized by 42F3. For instance, 42F3 Lys95α frequently contacted the amide backbone of the presented peptide (5/9 complexes) while Asp95β frequently formed a hydrogen bond through its backbone carbonyl to the amide of the P8 position (4/9 complexes) ([Fig. 3b--c](#F3){ref-type="fig"}).

The most consistent set of van der Waals contacts within this set of complexes arose from hydrophobic residues at the P7 peptide position to the Asp95-Ala96-Pro97 motif of the CDRβ3 loop ([Fig. 3b--c](#F3){ref-type="fig"}). Since Pro97 restricts the dihedral angles of the loop, the CDR3β remains fixed in conformation in all nine complexes^[@R1]^ ([Fig. 3b--c](#F3){ref-type="fig"}). Other peptide positions whose sequences were biased in our enriched peptide pools ([Fig. 1d](#F1){ref-type="fig"}) did not result in conserved contacts to the 42F3 TCR. For instance, the preferred acidic amino acid at P4 position correlated with potent IL-2 responses but failed to show conserved contacts across these complexes ([Fig. 3b--c](#F3){ref-type="fig"}). In the pCPB9 and p4B10 complexes the acidic P4 side chain hydrogen bonded to Ser99α or Gly96α respectively ([Fig. 3b--c](#F3){ref-type="fig"}). In the pCPB7 complex, the Glu4 position does not appear to make contact to the CDR3α loop ([Fig. 3b--c](#F3){ref-type="fig"}). Similarly, while our structural set contained five complexes with peptides encoding a preferred P8-Asp, the contacts made by this residue vary from hydrogen bonding, to van der Waals contacts, to no contact to the TCR ([Fig. 3b--c](#F3){ref-type="fig"}). Though we observed some amino acid preferences at the P4-P6 positions for 42F3 recognition ([Fig. 1c--d](#F1){ref-type="fig"}), only the preferred hydrophobic P7 position resulted in conserved TCR-peptide interactions in agonist complexes ([Fig. 3b--c](#F3){ref-type="fig"}).

Germline recognition in stimulatory receptor geometries {#S6}
-------------------------------------------------------

We next assessed how the TCR-MHC docking topology was modulated by the diverse agonist peptides derived from our selections. Combined, the nine 42F3 complexes (one non-agonist, eight agonist) produce three major docking topologies at angles of 84°, 64° and 27° ([Fig. 4a](#F4){ref-type="fig"}). We previously characterized the 27° angle seen for a non-agonist peptide^[@R1]^, so here we focus on the eight agonist peptides.

The most frequent docking mode, including each of the CD8-dependent agonists complexes (QL9, p5E8, pCPA12, pCPC5 and pCPE3) and partial agonist complexes (QL9, pCPA12, pCPC5 and pCPE3), was 64° relative to the peptide. Interestingly, two potent agonist pMHCs assumed an alternative docking geometry with a similar V~α~3.3 contact but a shifted V~β~8.3 footprint, rotating the TCR to \~84° ([Fig. 3B](#F3){ref-type="fig"}, [4A](#F4){ref-type="fig"}). These two peptides (pCPB7 and pCPB9; WPAEGGFQL and SPAEAGFFL) contained 6/9 identical residues, including a Glu at P4 and a Gly at P6. Residues at these positions differed from the peptides that exhibited the 64° docking angle ([Fig. 3](#F3){ref-type="fig"}, [4a](#F4){ref-type="fig"}). One possibility is that the presence of a glycine at the P6 position provided sufficient flexibility of the peptide backbone to allow the TCR to pivot by 20°. Nevertheless, the slippage of the TCR-pMHC geometry from the 64° and 84° did not appear to affect the maximal stimulatory potential of the TCR-pMHC complexes, as agonists with 84° TCR docking geometries elicited IL-2 responses equivalent to that of the strongest 64° potent agonist p4B10 ([Fig. 2](#F2){ref-type="fig"}, [4a](#F4){ref-type="fig"}). We therefore observed three peptide-induced docking modes by which the 42F3 TCR can engage H-2L^d^, two of which were capable of maximally stimulating IL-2 responses and one (previously reported) that failed to stimulate 42F3 T cells^[@R1]^.

Notably all agonist complexes, including previously published 2C TCR complexes with H-2L^d\ [@R12],\ [@R37]^, share a nearly atomically superimposable recognition motif mediated through the V~α~3.3 domain, in which Tyr31α and Tyr50α bury Tyr155 of the MHC and Ser51α hydrogen bonds to the Glu154 backbone ([Fig. 4b](#F4){ref-type="fig"}, [Supplementary Fig. 5a](#SD2){ref-type="supplementary-material"}). The overall root-mean-square deviation (RMSD) of these three residues ranged from 0.9A to 2.2A when compared to the H-2L^d^-QL9-42F3 pMHC-TCR complex. In contrast, the Vβ positions to cluster in two groups, either 64° or 84°. The 64° Vβ position consistently utilizes Asn30β, Tyr50β and Ala52β to engage the Gln72, Trp73, Ala76 and Arg97 of the α1 helix ([Supplementary Fig. 5b](#SD2){ref-type="supplementary-material"}). The 84° Vβ position utilizes Gln31β, Tyr50β and Gln71β of HV4 to contact Gln65, Lys68, Gln72, Val76 and Arg79 ([Supplementary Fig. 5b](#SD2){ref-type="supplementary-material"}). We therefore observe a pivot mechanism facilitating peptide cross-reactivity in which two Vβ contact motifs to the MHC accommodate diverse agonistic peptides while the dominant Vα3 germline contacts are conserved across all studied agonist complexes for 2C, 2C-variants and 42F3 TCRs recognizing H-2L^d^ ([Fig. 4c](#F4){ref-type="fig"}, [Supplementary Table 2](#SD1){ref-type="supplementary-material"}).

Discussion {#S7}
==========

The data we present here, together with previously published structures of the 42F3 and 2C TCR and its variants bound to H-2L^d^-QL9^[@R1],\ [@R12],\ [@R37]^, constitute a structural database of twelve TCRs bearing a common germline element (V~α~3), engaging a common MHC allele (H-2L^d^), but possessing differences in CDR3 sequences and recognizing distinct peptide sequences. Several conclusions about TCR cross-reactivity and germline recognition emerge from this analysis.

With respect to TCR cross-reactivity, we find that 42F3 can indeed recognize a wide range of peptides with limited homology to the cognate QL9. However, while this would appear to support the notion that the TCR is capable of 'degenerate' recognition of many diverse peptides in a biological milieu^[@R31],\ [@R32],\ [@R38]--[@R41]^, a close inspection of the chemistry in the TCR-pMHC interfaces reveals a more nuanced reality. Despite sequence variability, 42F3 repeatedly focused on structurally and chemically similar elements of the peptides, most commonly using the CDR3β Asp-Ala-Pro motif to engage preferred hydrophobic residues at the P7 position. 42F3 recognition is therefore highly focused on a single apical peptide residue, with a wide range of chemistries and conformations used to accommodate the diversity at the remaining accessible positions. 42F3's limited interaction with the peptide's N-terminus relaxes overall peptide specificity, allowing for a larger number of peptide sequences to be recovered. It is possible, in fact likely, that an H-2L^d^ library that varied peptide lengths or MHC anchor residues could discover peptides that are seen with substantially different TCR binding solutions. However, we believe that our results reflect the general properties of most TCR-pMHC interactions. The scope and nature of cross-reactivity is consistent with recent data that focused on TCRs recognizing class II MHC molecules^[@R30]^. Collectively these data suggest that TCRs are more specific than appreciated, and lead to a more granular definition of cross-reactivity as being rooted in highly specific peptide hotspots enabling relaxed specificities at ancillary positions.

The conclusions of these studies reflect a fundamental feature of protein-protein interfaces: engagement of a small number of structurally and energetically important "hotspots," typically near the interface center, surrounded by weaker and more diverse peripheral interactions^[@R17],\ [@R30],\ [@R42]^. Inspection of the amino acid sequences of peptides recognized by 42F3 in the absence of structural information suggests degeneracy, while in fact recognition is focused on key features shared among recognized peptides. Although CDR3-peptide hotspots have been previously discussed in TCR-pMHC interfaces^[@R17],\ [@R43]^, the observation that the same hotspot is repeatedly engaged in the 42F3 system, together with visualization of how sequence diversity is tolerated, allows a better understanding of the nature of TCR cross-reactivity. This mechanism ensures the capacity to engage large numbers of diverse peptides, while retaining specificity for at least one structural and chemically homologous position. We suggest the parsing of the TCR-pMHC interface into hotspot and non-hotspot residues contributes significantly to the "dichotomy" of cross-reactivity and specificity that characterizes TCR recognition^[@R2],\ [@R30]^.

With respect to germline recognition, we observe a striking, near atomic superimposition of the interaction between V~α~3.3 and the H-2L^d^ α2 helix in 12 structures with different peptides, Vβ segments, and CDR3 loops. The repeated observation of this interaction, in the presence of considerable local and global structural variation, likely reflects the imprint of TCR-MHC co-evolution, in this case a favorable "patch" between V~α~3.3 and H-2L^d^. In the case of 42F3, these interactions appear to dominate over the Vβ interactions, permitting the observed "ratcheting" of Vβ along the α1 helix (dominant roles for α chains in TCR binding have been observed previously) ^[@R44]^. The inherent adaptability or "give" available to TCR-MHC germline interactions is illustrated by the p3A1 non-agonist peptide, whose Trp-Trp motif occludes the preferred V~α~3.3 docking site, resulting in a 'peptide-centric geometry'^[@R1]^. Similar circumstances might be found with long or otherwise unusually 'bulged' peptides^[@R22],\ [@R45]^.

Our observations suggest an interplay between TCR-MHC germline bias and its potential influence on cross-reactivity. It has been shown that alterations in TCR docking modes can facilitate cross-reactivity^[@R1],\ [@R11]--[@R13],\ [@R33]^, and that CDR3 loops can affect TCR-MHC contacts through 'CDR3 editing'^[@R46]^. Consistent with earlier results, we also observe that different peptides can yield different binding modes even with the same TCR and MHC. Yet rather than seeing a spectrum of binding topologies that would be expected from a purely opportunistic system (e.g., antibody-antigen interactions), we observe distinct, discrete binding modes for peptides in the form of "ratcheting" of the 42F3 Vβ along the H-2L^d^ α1 helix or equivalently, preferences of 42F3 for particular binding orientations. The existence of these structural preferences, even in the case of the alloreactive TCR-MHC pair of 42F3 and H-2L^d^ that did not encounter each other during T cell development, strongly support co-evolution between TCR and MHC. Importantly though, these observations also support the presence of a genetically encoded adaptability that can facilitate cross-reactivity. In this case, the orientations of the 42F3 Vβ domain likely stem from a combination of germline-encoded attractive and repulsive interactions at preferred and non-preferred orientations, respectively. From these data, we propose a model for TCR engagement that integrates germline bias and peptide recognition. TCRs are clearly adaptable, even capable of engaging in non-productive binding modes, and under certain circumstances, of binding non-MHC ligands^[@R1],\ [@R28],\ [@R29],\ [@R47]^. We suggest the existence of preferred but weak Vα or Vβ interaction points along MHC helices that bias TCRs towards, but do not obligate, discrete binding solutions. Chemically, this could arise from the incorporation of multi-functional amino acids such as tyrosine and the strategic placement of charges or hydrogen bond donors and acceptors as seen with the interaction points between 42F3 and H-2L^d^. The resulting structural biases would help to "focus" binding while still permitting structural adaptations as the CDR3 loops accommodate peptide hotspots. In this way, the mechanisms of TCR cross-reactivity and germline bias are cooperative processes in shaping recognition of peptide-MHC complexes.

On-line Methods {#S8}
===============

Design and selection of H-2L^d^ m31r-CP {#S9}
---------------------------------------

In order to recover larger arrays of peptide from yeast selections, we optimized several features of our original yeast display scaffold^[@R1]^. Of the five mutations, three (Asn30Asp, Ala49Asp and Lys131Arg) arose distal from the TCR and peptide binding surfaces; however, two mutations arose in the bottom of the peptide-binding groove (Trp97Arg) or on the surface of the α1 helix (Ile66Val).

To produce a closer H-2L^d^ mimic for display, we reverted the peptide proximal mutations back to WT (Ile66 and Trp97) to produce an m31r variant that contained three peptide-distal, TCR-distal mutations and synthesized the mini-MHC m31r-CP encoding a tethered QL9 peptide (Genscript). The QL9-m31r-CP construct linked the C terminus of the QL9 peptide to the N-terminus of the H-2L^d^ α2 domain (amino acids 121--180) via a 12 amino acid gly-ser (GGGGS) linker, and then the C terminus of the H-2L^d^ α2 domain to the N-terminus of the H-2L^d^ α1 domain (amino acids 1--120) via a 6 amino acid Gly-Ser linker. The construct was cloned into the pYAL vector using NheI and HindIII restriction sites. Yeast expressing this construct stained with an anti-Myc epitope antibody (Cell Signaling, clone 9B11), but did not stain with 42F3 or 2C TCR tetramers.

To create a functional version of m31r-CP, Variants of QL9-tethered scaffolds were amplified from 50ng m31r-CP template DNA using the GeneMorph II Random Mutagenesis kit and co-transformed into EBY100 in a 1:5μg vector:insert ratio as previously described^[@R1],\ [@R30]^. Yeast titers indicated that the error-prone library contained \>10^8^ transformants. Selections were carried out using magnetic bead selection strategy.

The selections for a functional variant of m31r-CP were conducted with both 2C and 42F3 TCRs to ensure the library did not converge to a TCR-specific MHC construct. Briefly, induced yeast libraries were negatively selected with 500ul αPE-magnetic beads (Miltenyi) using a LS column (Miltenyi) before tetramer-positive selections. Positive selections were carried out using preformed 2C-tetramers at 500nM tetramer concentration in PBS + 0.5% BSA (PBS-BSA) and gently mixed at 4°C for 2.5hrs. Cells were washed three times with PBS-BSA and mixed with 500μlαPE-magnetic beads (Miltenyi) in 5ml PBS-BSA. Beads were gently mixed at 4°C for 20min, washed twice to remove unbound beads and added to a LS-column magnetic column (Miltenyi). After washing with 3 column volumes of PBS-BSA, the column was then removed from the magnetic field and bound cells eluted in 5ml of PBS-BSA. From the eluted yeast, 50μl of cells were put aside for flow analysis and cell count on a C6 Flow cytometer (Accuri). The cells were then recovered in SDCAA overnight at 30°C, before diluting into 5ml SGCAA induction media. Cells were cultured at 20°C for 48hrs before the selection process was repeated. For all subsequent rounds of selections, 10 times the eluted cells from the previous round were negatively selected using αPE-magnetic beads and positively selected using 500nM 2C- or 42F3-tetramer and 50μl of αPE magnetic beads in 1ml volumes. Populations were enriched until the 100nM TCR-tetramer stained \>10% of the yeast population for both TCR specificities. Individual clones were picked, analyzed for binding by flow cytometry using 100nM TCR-tetramer. Clonal DNA vectors were extracted from yeast using Zymoprep Yeast Plasmid Miniprep II kit (Zymogen) and amplified in DH5α *E. coli* for sequencing (Sequetech).

Yeast displayed pMHC library and selections {#S10}
-------------------------------------------

The yeast display scaffold m31r-CP-E3 was converted into a library template by introducing a stop codon into the QL9 sequence. Synthetic primers encoding 5' NNK CCC NNK NNK NNK NNK NNK NNK HTK 3' library were used to amplify peptide variants tethered to m31r-CP-E3 from the stop template and purified by gel extraction (Qiagen). Amplicons were used as a template for a second PCR amplification step, in which an additional 50bp complimentary to 5' of the NheI and 3' to the HindIII sites in the pYAL vector were added to the peptide variants. μg of purified amplicon (Qiagen) was mixed together with digested pYAL (NheI/HindIII) in a 2.5:1 mass ratio and electroporated in EBY100 yeast. Titers of the initial yeast libraries indicated a total of 4.2x10^8^ clones in the library. Biotinylated 42F3 TCR was expressed and purified as previously described^[@R1]^. TCRs were mixed with 250μl of SA-magnetic beads (Miltneyi) at a concentration of 400nM TCR and incubated a 4°C for 20min to form pre-coated TCR-magnetic beads. Before positive selection, yeast populations underwent negative selection on an LS column in the presence of uncoated SA-magnetic beads (Miltenyi). TCR-magnetic beads were then added to the precleared yeast population before positive tetramer selection on an LS column (Miltenyi). Subsequent selections on enriched pools were carried out on LS columns (Miltenyi) using 50μl of precoated TCR-magnetic beads. Enrichments were analyzed using 100nM TCR-tetramer throughout rounds of enrichment. Upon enrichment of \>10% TCR-tetramer staining within the co-selected yeast population, a final 'polishing' round of enrichment was carried out using multimeric 42F3 TCR. Individual clones were analyzed for 100nM TCR-tetramer binding by flow cytometry and sequenced as previously described^[@R1]^.

Protein expression, purification, and crystallization {#S11}
-----------------------------------------------------

For selections, biotinylated 2C and 42F3 TCRs were produced and biotinylated by coexpression of TCRα and TCRβ viruses in High Five *Trichopulsia ni* insect cells. The α and β chains were co-secreted with BirA ligase into media in the presence of 100μM biotin supplemented to the media Insect-XPRESS (Lonza) as previously described^[@R1]^.

42F3 was purified and refolded from *E. coli* inclusion bodies as previously described^[@R1]^. An *E. coli*-expressed m31r refold construct was created by mutating R97W and V66I in the H-2L^d^ 'mini-MHC' protein previously described^[@R1]^. Peptides were synthesized (GenScript) and refolded at 20μM concentration in the presence of 300mg m31r as previously described^[@R1]^. After dialysis, pMHC were precipitated using 60% saturation of ammonium sulfate a 4°C and purified by size exclusion on a Superdex 200 in HEPES-buffered saline. The A~280~ was used to determine the concentration of TCR and pMHC and proteins were concentrated in a 1:1 molar ratio to 150μM for crystal screens.

All crystals were formed in sitting drops using a vapor diffusion method. The 42F3-pCPA12-m31r complex was crystallized in 16% PEG 3350, 100mM TRIS, pH 7.5 and 200mM magnesium nitrate and cryogenically frozen in liquid nitrogen in crystallization buffer with 20% ethylene glycol. The 42F3-pCPB7-m31r complex was crystallized in 25% PEG 3350, 100mM BIS-TRIS pH 5.5 and 200mM ammonium acetate and cryogenically frozen in liquid nitrogen in crystallization buffer with 10% ethylene glycol. The 42F3-pCPB9-m31r complex was crystallized in 20% PEG 4000, 100mM TRIS pH 8.0 200mM sodium chloride and cryogenically frozen in liquid nitrogen in crystallization buffer with 15% ethylene glycol. The 42F3-pCPC5-m31r complex was crystallized in 14% PEG 3350, 100mM BIS-TRIS, pH 7.0 and 200mM magnesium nitrate and cryogenically frozen in liquid nitrogen in crystallization buffer with 20% ethylene glycol. The 42F3-pCPE3-m31r complex was crystallized in 17% PEG 3350 and 100mM BIS-TRIS, pH 6.6 and 200mM magnesium nitrate and cryogenically frozen in liquid nitrogen in crystallization buffer with 20% ethylene glycol.

All crystallographic data were collected at the Stanford Synchrotron Radiation Lightsource (Stanford, CA, USA) beamline 12-2. Datasets were indexed and scaled in MOSFLM/SCALA^[@R48]^ with the exception of pCPB7 construct, which was indexed and scaled in HKL2000^[@R49]^. All datasets were phased by molecular replacement with PHASER^[@R50]^ by searching for TCR and pMHC independently (PDB accession 3TFK), refined using PHENIX^[@R51]^ and modified using COOT^[@R52]^. Structural analysis, alignments and image rendering were carried out in PYMOL^[@R53]^.

T cell stimulations {#S12}
-------------------

All peptides were diluted to 50mM in DMSO. Transduced LM1.8-L^d^W97R cells were grown in RPMI with 10% FBS with penicillin, streptomycin and L-glutamine to a confluency of 90% in T75 flasks. T cell stimulations were carried out as previously described^[@R1]^. Briefly, LM1.8-L^d^W97R (5x10^4^ cells) and peptides diluted in RPMI were incubated in a 1:1 effector-to-target ratio with CD8αβ^−^ or CD8αβ ^+^ 58−/− lines transduced to express 2C-m33 or 42F3 TCRs for 20 h at 37°C. Supernatants were analyzed for IL-2 release using a HRP-colormetric ELISA (BD Pharmingen).

The 42F3-transduced cell lines were generated as previously described^[@R1]^ using T cell hybridoma cell line 58−/− (TCRα−, TCRβ−) with and without CD8αβ. The 58−/− cell line was provided to the lab of D.M. Kranz by Sean O'Herrin. These cell lines have not been tested for mycoplasma contamination, however no contamination was observed during generation of these cell lines or in their subsequent culturing and maintenance.

The antigen presenting cell line used in this study, LM1.8-L^d^W97R, is an L cell fibroblast cell line that was provided for use by Janet M. Connolly. This cell line was not tested for mycoplasma contamination during its use in the lab of D.M. Kranz, however no contamination was observed during the culturing or maintenance of this cell line.

The antibodies used in T cell activation studies include anti-mouse CD3e (Clone 145-2C11 from BD Pharmingen), purified rat-anti-mouse IL-2 (Clone JES6-1A12 from BD Pharmingen), and biotinylated rat-anti-mouse IL-2 (Clone JES6-5H4 from BD Pharmingen). Anti-mouse TCR constant-region Beta antibody (Clone H57-597 from BD Pharmingen) was used to detect the expression of the 42F3 TCR on the surface of transduced 58−/− during generation of the cell line created via retroviral transduction.
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![TCR selections of a circularly-permuted H-2L^d^- yeast displayed library\
(**a**) Cartoon schematic of the circularly permuted mini-MHC m31r-CP and its presentation on the surface of EBY100 yeast as an Aga2 fusion protein. Inset is a stick schematic of the tethered QL9 peptide. Peptide positions are labeled accordingly and the general orientation of the TCR and MHC relative to the peptide is indicated with arrows. (**b**) The amino acid composition design of a 'random' peptide library where the P2 and P9 anchor positions are weighted to specific amino acids and the sequence of a natively displayed peptide QL9. (**c**) Representative peptides recovered by selection of first- and second-generation H-2L^d^ peptide libraries with 42F3 TCR multimers. Amino acids at a given position identical to those in QL9 are colored green. Amino acids with similar properties to QL9 are colored orange. Non-homologous resides are colored black. (**d**) The positional amino acid probabilities of peptides recovered from the enriched yeast populations specific for 42F3 TCR. Redundant peptide clones are represented once.](nihms727231f1){#F1}

![Signaling properties of synthetic peptide antigens\
(**a**) IL-2 response screen of the CD8^+^ (black bars) and CD8^-^ (green bars) 42F3 T cells to APCs in the presence of 10μM synthesized peptide from first-generation (left) and second-generation (right) yeast displayed pMHC libraries. Data is represented as mean ± s.e.m. relative A450, normalized to anti-CD3 stimulation condition n=2 of technical replicates. (**b**) Scatterplots showing a wide range in affinities and activities, but little correlation between the IL-2 EC50 (left) or maximal IL-2 response (Emax) (right, as shown in [Supplementary Fig. 2](#SD2){ref-type="supplementary-material"}) of CD8^+^ 42F3 T with affinity of the 42F3-pMHC interactions. pCPE3 is a weak agonist for which EC50 and Emax were not determined, and was therefore omitted from this analysis.](nihms727231f2){#F2}

![Peptide specificity of the 42F3 TCR\
(**a**) The overall structure of the 42F3-QL9/H-2L^d^ complex. The MHC is illustrated in green, the TCRα in red, the TCRβ in blue and the peptide in yellow. (**b-c**) The peptide recognition by CDR3α and CDR3β loops of the 42F3 TCR for five synthetic peptides derived from the (**b**) second-generation yeast displayed library and (**c**) four from the first-generation library. Contacts are depicted as (left) structures and (right) contact maps. TCR residues making contacts to the peptides are represented as sticks. TCR CDR3 loops and the peptide identity are labeled in each panel. Black lines represent van der Waals contacts and red dashed lines represent hydrogen bonds. Blue (TCR-exposed) and green (MHC-buried) arrows illustrate the direction of the amino acid side chains on the TCR-pMHC complex.](nihms727231f3){#F3}

![Two agonist geometries accommodated by Vα3 germline motif\
(**a**) Overlaid geometric docking modes of the 42F3 TCR to H-2L^d^ binding at an 84° docking angle (left), 64° docking angle (center) and an overlay for comparison (right). The MHC is illustrated as a green ribbon, where the Vα CDR loops are in red and Vβ CDR loops are in blue. A black line is used to identify the QL9 peptide position and dashed colored lines are used to connect equivalent positions in CDR2α and CDR2β positions in the 84°(pink) and 64°(blue) geometries. Peptide names label the corresponding TCR-pMHC geometries. (**b**) The conserved germline contacts of the 42F3 Vα3.3 (red) to the H-2L^d^ α2 helix (green) across eight agonist complexes. The conserved germline contacts are inset and illustrated as sticks and dashed lines represent hydrogen bonds. (**c**) The conserved germline contacts of TCR Vα3 to the H-2L^d^ α2 helix (green) across twelve agonist complexes of 42F3 (red), 2C and 2C-variants (pink). The conserved germline contacts are illustrated as sticks and dashed lines represent hydrogen bonds.](nihms727231f4){#F4}

###### 

Synthetic 42F3 Peptide Signaling and Binding Properties.

  Peptide   Sequence    EC~50~ (μM)   *E*~max~ (IL-2 pg/ml)   *KD* (μM)[\*](#TFN1){ref-type="table-fn"}   *koff* (s^−1^)   *kon* (M^−1^s^−1^)
  --------- ----------- ------------- ----------------------- ------------------------------------------- ---------------- --------------------
  QL9       QLSPFPFDL   0.0447        399                     40                                          \>5.00E-01       N.D.
  p4B10     QLSDVPMDL   0.000164      3297                    10                                          \>5.00E-01       N.D.
  p5E8      FLSPFWFDI   1.38          3349                    48                                          \>5.00E-01       N.D.
  pCPA12    VPYMAEFGM   5.95          1149                    2                                           5.79E-02         3.14E+04
  pCPC5     SPAPRPLDL   0.416         363                     1                                           1.97E-01         2.70E+04
  pCPE3     MPAGRPWDL   \>100         N.D.                    0.7                                         1.66E-01         5.86E+04
  pCPB7     WPAEGGFQL   0.00286       2844                    0.1                                         5.79E-02         4.95E+05
  pCPB9     SPAEAGFFL   0.07          3144                    0.1                                         6.68E-02         2.40E+05
  p3A1      SPLDSLWWI   inactive      inactive                4                                           7.52E-01         2.01E+05

Values obtained from steady-state experiment.

N.D. - Not determined

[^1]: These authors contributed equally to this work
